ABSTRACT
Introduction
A hallmark feature of STMV is that it is the only satellite virus, whose HV is a rodshaped tobamovirus. Additionally, STMV stands out among other spherical viruses because of the high degree of order adopted by the RNA within the capsid 6 . Despite its simple genome organization, information concerning STMV replication is limited 7, 8 .
Previous studies 7 revealed that a mutation engineered to completely block CP synthesis severely reduced the replication of STMV while a variant designed to express only the N-terminal13 amino acid (aa) motif retained wild type replication via an unknown mechanism.
Using an Agrobacterium-based transient expression system (agroinfiltration) we recently reported several interesting properties of STMV when expressed in the presence and absence of its HV RdRp 9 . In the current study, we extended the agroinfiltration system to further shed light on the contribution of the CP, more specifically the N-terminal 13aa motif to STMV replication. We have engineered a series of mutations affecting the positively charged amino acids located within the N-terminal developed recently for STMV in our lab 9 in dissecting the mechanism involving the CPregulated STMV replication. To this end, we constructed three independent variant agrotransformants of wt STMV (pSTMV; Fig. 1C ). These are as follows: (i) Agrotransformant CPKO was constructed by substituting the translation initiating methionine codon located at nucleotide 162-164 with a stop codon (i.e.
162 AUG 164 è 162 UAG 164 ) (Fig. 1C) ; (ii) agrotransformant CPD13aa was designed to express the CP devoid of the first 13aa by engineering a stop codon at the translation initiation site and a start codon ataa14 (Fig. 1C ) and (iii) agrotransformant CP13aa was designed to express only the first 13aa by engineering a stop codon at aa position 14 (Fig. 1C ).
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Each of the above-mentioned three agrotransformants was mixed with agrocultures of pRP to provide the HV RdRp (Fig. 1C ) and co-infiltrated into N.
benthamiana leaves. Plants co-infiltrated with pSTMV and pRP served as positive controls. At five days post infiltration (dpi), total RNA and protein preparations were isolated and subjected respectively to duplicate Northern blot hybridization to detect progeny (+) and (-)-RNA and Western blot analysis. Duplicate Northern blots probed for assessing the affect of CP on the accumulation of progeny (+) and (-)-strands are shown in Fig. 2A . Quantitative analysis of progeny RNA with respect to the wt control is tabulated and shown in Fig. 2B . This experiment was repeated three times and we consistently observed that the presence of CP, more specifically the N-terminal13aa, had profound influence on progeny accumulation. Quantitative data in Fig. 2B represents the relative (+) and (-)-strand accumulation for each CP mutant when compared internally to that of wt. It was observed that, complete absence of CP, exemplified by the behavior of CPKO, decreased the plus-strand accumulation by 90% while minus-strand accumulation was not affected. By contrast, CP lacking the Nterminal 13aa motif (i.e. CPD13aa) reduced the plus-strand accumulation by 47% while a 3-fold increase in minus-strand accumulation was observed. Interestingly, expression of only the N-terminal 13aa motif had no detectable effect on plus-strand accumulation while a 4-fold increase in minus-strand accumulation was observed (Fig. 2B ). Taken together, these results suggested that the N-terminal13aa region of the STMV CP has two independent roles for regulating (-) and/or (+)-strand synthesis (see Discussion).
With respect to CP accumulation, as expected, in addition to the wt control, a detectable level of a faster migrating CP was accumulated for variant D13aa but not for other 7 variants ( Fig. 2A) . To detect the CP of 13aa by Western blot, the 13aa was FLAG tagged and its expression was confirmed by using anti-FLAG monoclonal antibodies (Fig 6A) .
Recently, we demonstrated that production of a truncated form of STMV RNA is a hallmark feature associated with STMV replication in N. benthamiana 
Effect of N-terminal mutations on STMV assembly and packaging.
Western blot analysis revealed that all four other variants (5A, 7A, 10A and 11A) were competent to translate higher levels of CP than wt. Among four variants, CP production was more prominent with variant 7A than others (Fig. 4E ). By contrast, CP for variant 3A was only detectable when a 10-fold excess of total protein was loaded (Fig. 4F ). To verify whether these variants were competent to assemble into virions or virion like particles (VLPs), virions were purified from infiltrated N. benthamiana leaves. Our results exemplify that STMV CP (Fig. 2) , specifically the basic N-terminal 13aa motif (Figs. 3A and 4A) actively participates in modulating (+) an/or (-)-strand synthesis. As discussed below, this active participation in STMV RNA replication depends on the genomic context of the N-terminal 13aa motif. First, the critical role played by the CP is exemplified when the replication profile of wt and mutant CPKO is compared ( Fig. 2A) . Since the levels of (-)-strand accumulation for wt and mutant CPKO are indistinguishable (Fig. 2A, compare lanes 1 and 3) . It is reasonable to conclude that CP has no detectable effect on (-)-strand synthesis and a significant reduction in (+)-strand synthesis by mutant CPKO (Fig. 2A, lane 3) suggests CP plays a critical role in (+)-strand synthesis.
Co-expression of wt 13aa (Fig 2) along with HV RdRp stimulated both (+) and (-) strands accumulation equally (Fig 2A lane 5) whereas co-expression of ∆13aa significantly reduced (+)-strand accumulation compared to that of (-)-strand (Fig 2A compare lane 4 and 5). This suggests that the role of N-terminal 13aa motif is attributed to (+) strand synthesis. However, on mutating four of the five positively charged amino acids to alanine in the wt 13aa (i.e. 5A, 7A, 10A and 11A), the balanced accumulation of (+) and (-)-strand RNA was altered resulting in increased accumulation of (-)-strands (Fig. 3B) . Interestingly, this scenario was changed when the above-mentioned four mutants were incorporated into the background of full length CP. This is exemplified by increased accumulation of (+)-strands over the (-)-strands ( is important to note that wt RNA gets encapsidated much less efficiently than ∆150.
These theoretical results offer the basis to explain results presented in Fig. 5C .
As noted above, electrostatics clearly explains the results corresponding to variants 5A, 7A, 10A and 11A presented in Fig. 5C . However, a question that naturally arises would be why does the CP bearing the 3A mutation not encapsulate either STMVD150 or wt RNA? We offer the following explanation. Our observations (Fig. 5C) suggest that non-specific interactions are insufficient to drive the self-assembly of a ssRNA virus by CP. The presence of an arginine residue located at position 3 reveals the necessity of a specific interaction between RNA and CP for the successful assembly of a virion. The interaction could be due to a specific nucleation site on the CP for RNA or the specific CP-RNA interaction could alter the conformation of the CP resulting in a stronger protein-protein interaction leading to virion assembly. The experiments presented in this paper show that an amino acid residue (i.e. arginine) at a specific site (i.e. position 3) is crucial for successful packaging. Identification and disruption of contacts between particular CP residues and RNA could contribute to our knowledge of developing novel antiviral drug strategy for RNA pathogenic to pathogenic to humans and animals.
Methods
Agro-constructs and Agro-infiltration. The construction and characteristic features of an agro-construct of STMV (pSTMV; Fig. 1A ) have recently been described 9 . All CP variants constructed in this study are incorporated into the genetic background of pSTMV using a mega PCR approach 31 . Briefly, to construct the N-terminal CP variants (Fig. 1C) 3RèA, 5KèA, 7KèA, 10RèA, 11KèA and 5R+7Kè5A+7A (refer to as 57A; Fig. 1C ), STMV CPKO, STMV 13aa, STMV 13aa/A and STMV 13aa/B (Fig 5A) , the SalI site is underlined). The resulting PCR products were gel purified and used as mega 20 primers in a PCR reaction. A region spanning the sequence of pSTMV from nt768-614 was amplified using a forward primer (5'CGCCAAGCTTGCATGCCTGCAGG3'; HindIII site is underlined) and each mega primer for the respective variant prepared above. The resulting PCR products were digested with HindIII and SalI and sub-cloned into a similarly treated pSTMV. The nature of all recombinant clones was verified by DNA sequencing. Transformation of wild type and variant pSTMV agroconstructs to Agrobacterium strain GV3101 followed by infiltration into the abaxial side of the fully expanded N. benthamiana leaves was as described previously 32 .
Mechanical inoculation, progeny analysis, packaging assays and EM analysis. Procedures used for mechanical inoculation of N. bethamiana with STMV variant virions in the presence of TMV U5, isolation of total RNA from agroinfiltrated leaves, purification of STMV virions, Northern blot analyses are as described previously 9,33,34 For electron microscopy analysis, purified wild type and variant STMV virions were further subjected to 10%-40% sucrose gradient centrifugation and spread on glow-discharged grids followed by negative staining with 1% uranyl acetate prior to examination with JEM 1200-EX transmission electron microscope operated at 80 keV, and images were recorded digitally with a wide-angle (top mount) BioScan 600-W 1︎ 1K
pixel digital camera 33 .
RT-PCR.
Virion RNA from wild type and CP variants were subjected to Poly-A tailing using E. coli poly A polymerase according to the manufacturer's protocol (NEB). 
Co-immunoprecipitation assay (Co-IP).
Total protein extracts were prepared from healthy and agroinfiltrated N. benthamiana leaves as described previously 35 .
Isolated proteins were incubated with anti-126 kDa protein antibody at 1:100 dilution protein extracts of each sample were incubated first with anti-126-kDa antibody followed
